Many groups of Gram-negative bacteria cause diseases that are harmful to sheep. Toll-like receptor 4 (TLR4), which is critical for detecting Gram-negative bacteria by the innate immune system, is activated by lipopolysaccharide (LPS) to initiate inflammatory responses and oxidative stress. Oxidation intermediates are essential activators of oxidative stress, as low levels of free radicals form a stressful oxidative environment that can clear invading pathogens. NO is an oxidation intermediate and its generation is regulated by nitric oxide synthase (iNOS). Guanosine triphosphate cyclohydrolase (GCHI) is the rate-limiting enzyme for tetrahydrobiopterin (BH4) synthesis, which is essential for the production of inducible iNOS. Previously, we made vectors to overexpress the sheep TLR4 gene. Herein, first generation (G1) of transgenic sheep was stimulated with LPS in vivo and in vitro, and oxidative stress and GCHI expression were investigated. Oxidative injury caused by TLR4 overexpression was tightly regulated in tissues. However, the transgenic (Tg) group still secreted nitric oxide (NO) when an iNOS inhibitor was added. Furthermore, GCHI expression remained upregulated in both serum and monocytes/macrophages. Thus, overexpression of TLR4 in transgenic sheep might accelerate the clearance of invading microbes through NO generation following LPS stimulation. Additionally, TLR4 overexpression also enhances GCHI activation.
Introduction
In both host defense and inflammation, monocytes/ macrophages are the most prominent immune cell type activated by lipopolysaccharide (LPS) to release various pro-and anti-inflammatory mediators. Toll-like receptor 4 (TLR4) interacts with several proteins to form the myeloid differentiation factor 2 (MD2)/CD14/TLR4 complex that binds to LPS [1] . TLR4 then recruits downstream adaptors to activate both the myeloid differentiation primary response gene 88 (MyD88) and TIR-domain-containing adaptorinducing interferon--(TRIF-) dependent pathways, which function through nuclear factor-B-(NF-B-) associated signaling events [2] . The actions of these proteins trigger the release of oxidation intermediates, including reactive oxygen species (ROS), reactive nitrogen species (RNS), and cytokines [3] . Apart from the inflammatory reaction, oxidation intermediates are also involved in many pathological processes, such as insulin resistance and type 2 diabetes [4] . They are extremely important for the intracellular environment. To maintain physiological homeostasis, ROS are maintained at a certain level to induce enough oxidative stress to eliminate pathogenic microorganisms. However, large amounts of oxidation 2 Oxidative Medicine and Cellular Longevity intermediates and derivatives can both destroy bacterial membranes and cause host tissue damage.
ROS are mainly produced by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. NADPH oxidase is a multisubunit enzyme complex. When electrons are transported across membranes, the membranes are depolarized. These changes lead to compensatory ion flux. NADPH oxidase has specialized domains for the dismutation of O 2 − and H 2 O 2 production [5] . NAPDH oxidase activation is critically regulated by cytokines produced in response to activation of the TLR4 pathway. Interleukin-1 receptor-associated kinase-4 (IRAK-4), the regulatory kinase, which is downstream of TLR4 signaling, regulates NADPH oxidase through the phosphorylation of p47 phox [6] . Tumor necrosis factor-alpha (TNF-) enhances the activity of NADPH oxidase through the NF-B pathway by upregulating mRNA expression levels of transcripts that encode gp91 phox [7] . NF-B activation is mediated by direct interactions of TLR4 with Nox4 and Nox2, two subunits of NAPDH oxidase [8, 9] .
NO is the major component of RNS. In mononuclear macrophages, inducible nitric oxide synthase (iNOS) is the rate-limiting enzyme for NO synthesis. Along with NAPDH, O 2 , and tetrahydrobiopterin (BH4), NO is synthesized from L-arginine by the enzyme iNOS. In the inflammatory response, transcription of iNOS is regulated by the NF-B and MAPK pathways. Increasing levels of downstream factors, such as interleukin-1 (IL-1), TNF-, and interferongamma (IFN-), result in increased iNOS expression [10] .
Another essential enzyme for iNOS de novo biosynthesis is BH4. BH4 deficiency causes a reduction in iNOS uncoupling. The rate-limiting enzyme for BH4 is GTP cyclohydrolase, which is encoded by GCHI [11] . GCHI is important in iNOS activation and is closely linked to various pathological processes, such as vasofunctional disturbances and dyskinesia [12] .
Innate immunity is the major type of defense against Gram-negative bacterial infection. TLR4 participates in innate immunity in various ways, not only in resistance to Gram-negative bacterial infections, but also in many autoimmune and inflammatory disease settings, including atherosclerosis, diabetes mellitus, cancer, and rheumatoid arthritis. Previous studies have shown that the susceptibility or sensitivity of TLR4-mutant cells to LPS is lower than that of wild-type cells [13, 14] . Furthermore, TLR4-deficient mice stimulated with LPS cannot secrete IL-1 or IL-12 [15] and also show reduced expression of IL-6 [16] . However, TLR4 overexpression in mice results in increased disease resistance [17] . We previously reported the generation of TLR4transgenic sheep [18] . The effect of bacteria on the sensitivity of transgenic animals to disease resistance is dependent on transgene copy number [19] . Notably, excessive inflammation and oxidative stress can cause tissue damage [20] . To better understand the biological basis for a role of overexpressed TLR4 in the immune response and oxidative stress, we isolated monocytes/macrophages from the peripheral blood of first-generation (G1) transgenic sheep with two transgene copies and stimulated them with LPS. Immunoactivity and oxidative damage were investigated. Furthermore, we added iNOS and NADPH oxidase inhibitors to LPS-stimulated monocytes/macrophages to study the relationship between TLR4 and oxidative stress. Herein, we first demonstrate that overexpression of TLR4 promotes NO synthesis by upregulating GCHI expression under oxidative stress conditions in sheep monocytes/macrophages. Innate immune responses and oxidative stress in TLR4-transgenic sheep were tightly regulated.
Materials and Methods

Ethics Statement.
Artificial insemination, intradermic injection, and blood collection were performed at the experimental station of the China Agricultural University, and the whole procedure was carried out in strict accordance with the protocol approved by the Animal Welfare Committee of China Agricultural University (Permit Number: XK662).
Screening of Transgenic Sheep Overexpressing TLR4.
Genomic DNA from TLR4-transgenic sheep was extracted from sperm and a 623-bp fragment was amplified with the following pair of primers: Forward, TAC GGT AAA CTG CCC ACT TG; Reverse, ACC TGG AGA AGT TAT GGC TG. In mating season, ewes of natural estrus were inseminated with sperm from positive sheep. The presence of a transgene in offspring was analyzed by Southern blotting. We used polymerase chain reaction (PCR) to generate specific digoxigenin-labeled probes (Roche Diagnostics, Mannheim, Germany) using the primer sequences indicated above. Genomic DNA was isolated from ear tissue and digested with VspI and SmaI (NEB, Beverly, MA, USA).
Mononuclear cells were isolated from the peripheral blood of G1 transgenic sheep using sheep lymphocyte separation medium (TBD, Tianjin, China). Total RNA was extracted. The mRNA abundance of the TLR4 gene was measured by real-time PCR, using a SYBR Green kit (Tiangen, China) with the following primers: TLR4-forward, CTG AAT CTCTAC AAA ATC CC; TLR4-reverse, CTT AAT TTC GCA TCT GGA TA; -actin-forward, AGA TGT GGA TCA GCA AGC AG; -actin-reverse, CCA ATC TCA TCT CGT TTT CTG. TLR4 protein levels were measured by enzyme-linked immunosorbent assay (ELISA; Shanghai Xin Le, Shanghai, China).
Peripheral blood was collected for routine blood and serum biochemical parameter testing at 120 days. Testing included analysis of red blood cells, white blood cells, hemoglobin, albumin, globulin, alanine aminotransferase, aspartate aminotransferase, glucose, blood urea nitrogen, and serum total protein concentrations.
Detection of Acute Inflammatory Responses in G1 Transgenic Sheep
In Vivo. The ears of five 3-month-old transgenepositive sheep were injected with 100 L 3 mg/mL LPS (Sigma-Aldrich, St. Louis, MO, USA); then tissues were collected at 1, 8, and 48 h. Samples were fixed with 4% paraformaldehyde and embedded in paraffin. Hematoxylin and eosin staining was used to investigate the inflammatory response and immunohistochemistry was used to detect Oxidative Medicine and Cellular Longevity 3 MD2 protein expression (Abcam, Cambridge, UK). Peripheral blood was also collected at 1, 4, 8, and 48 h. RNA was isolated from mononuclear cells and real-time PCR was used to detect the expression of TLR4, CD14, and NF-B. Primer sequences were as follows: TLR4: as above; CD14-forward, ATA TCT AGC ACT ACG CAA CGC; CD14-reverse, CTT GGT CGG CAG TCC TTT; NF-B-forward, TTC TCC AAA TGG CTG AAG GTA; NF-B-reverse, TTG TTT GAG GGC CAT AAG GAT. ELISA kits were used to detect levels of TLR4, GCHI, and various cytokines, including IFN-, TNF-, IL-6, IL-8, IL-12, and IL-10 in serum (Shanghai Xin Le).
Oxidative Stress in LPS-Stimulated Sheep Mononuclear
Cells. Sheep peripheral blood mononuclear cells were isolated and cultured in RM1640 (Gibco, Grand Island, NY, USA) medium containing 10% fetal bovine serum (Gibco) for 48 h. After stimulation with LPS (1 g/mL), cell suspensions were collected at 0, 1, 8, and 48 h. The activities of iNOS and NADPH oxidase, as well as the ROS, RNS, and malonaldehyde (MDA) contents of the cells, were examined by spectrophotometry (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The activity of GCHI was examined by an enzymatic method (Nanjing Jiancheng Bioengineering Institute). After 1 h stimulation with LPS, 4% paraformaldehyde was used to fix cells; then immunofluorescence was used to detect protein oxidation products. Thioredoxin-(TRX-) TRITC (Abcam) and TLR4-FITC (Abcam) were used to detect changes in protein expression, and DAPI was used to counterstain nuclei. Confocal microscopy was used to detect staining results. NADPH oxidase and iNOS inhibitors were added to monocytes/macrophages during stimulation with 1 g/mL LPS to study the relationship between TLR4 and oxidative damage. Apocynin (Sigma-Aldrich) is an inhibitor of NADPH oxidase and inhibits the production of O 2 − . Nitro-L-arginine (L-NNA) (Sigma-Aldrich) is an inhibitor of iNOS and inhibits the production of NO. Inhibitors were used at concentrations of 10 and 20 mmol/L. A TLR4 inhibitor, anti-TLR4 antibody, was added to the Tg group culture media at a dilution of 1 : 500. After 1 h, cell suspensions were collected. The NO, O 2 − , and MDA concentrations were determined by spectrophotometry according to the manufacturer's instructions (Nanjing Jiancheng Bioengineering Institute).
Statistical Analyses. All experiments repeated 3 times.
All data were subjected to analysis of variance using the GLM procedures of Statistical Analysis System (SAS Institute, Cary, NC, USA). All data were expressed as mean ± SEM. Differences were considered to be significant when < 0.05.
Results
Overexpression of TLR4 in G1 Transgenic
Sheep. We previously generated transgenic sheep using the microinjection technique. Transgenic sheep had two TLR4 copies integrated into germ cells, as determined by PCR (Figure 1(a) ). Artificial insemination was then used for the propagation of sheep. Southern blot detection showed that the G1 sheep were positive for exogenous TLR4 (Figure 1(b) ). Real-time PCR and ELISA were performed to determine the expression levels of TLR4. The expression of TLR4 in Tg sheep was significantly higher than in WT sheep (Figures 1(c) and 1(d)). There were no statistically significant differences in the analysis of the routine blood counts or biochemical serum parameters between transgenic and WT sheep at 120 days (Figures 1(e) and 1(f)).
TLR4 Overexpression in G1 Tg Sheep Triggered Rapid
Neutrophil Infiltration. LPS was injected into the ears of transgenic sheep and the resulting inflammatory infiltrate was observed under a light microscope after hematoxylin and eosin staining (Figure 2(a) ). In the Tg group, many segmented neutrophils infiltrated the dermis at 1 h, and after 8 h more inflammatory cells, including many neutrophils, had infiltrated the dermis and many erythrocytes had infiltrated the connective tissues. Fewer inflammatory cells were observed in Tg animals at 48 h after stimulation. This finding suggested that the inflammatory reaction in Tg animals was negatively regulated by a feedback loop in order to avoid inflammatory injury. However, no significant lesions were observed after 48 h. In the WT group, dermis bleeding also occurred with inflammatory cell infiltration at 1 h. After 8 h, many erythrocytes were spread across the surface of the skin and between connective tissues, and inflammatory cellsincluding many neutrophils-had infiltrated around the blood vessels. Few infiltrating inflammatory cells were evident after 48 h. Immunohistochemistry was used to observe MD2 protein expression. MD2-positive tissues showed claybank, which was primarily expressed by sebaceous gland cells and infiltrating inflammatory cells (Figure 2(b) ).
Real-time PCR showed that CD14 and TLR4 transcription reached a peak at 8 h. By contrast, TLR4 transcription continued to rise in the WT group (Figures 2(c) and 2(e)). These above findings showed that, at 8 h, the inflammatory response of the Tg group was stronger than that of the WT group. After 48 h, the inflammatory response of the Tg group had finished, whereas the inflammatory response of the WT group remained in progress, indicating that Tg sheep can launch a more rapid inflammatory reaction. Transcription of the TLR4 downstream factor NF-B was also significantly higher in the Tg group than in the WT group at 1 and 8 h (Figure 2(d) ). These results suggest overexpression of TLR4 gene could trigger rapid neutrophil infiltration.
Overexpression of TLR4 Enhanced Oxidative Stress in
Sheep Monocytes/Macrophages. After stimulation with LPS, ROS expression increased in the Tg group, with significant differences compared with the WT group evident at 1 and 8 h ( < 0.05). By contrast, the expression of ROS was maximal at 48 h in the WT group (Figure 3(a) ). Compared with the WT group, the expression of RNS was also significantly higher at 1 h in the Tg group ( < 0.05); however, there was no significant difference between groups at 48 h (Figure 3(b) ). In the Tg group, the release of ROS/RNS was increased, indicating that overexpression of TLR4 could upregulate the expression of ROS/RNS, inducing a stronger oxidative stress response (4) negative control. (b) Southern blot analysis of the TLR4 transgene insert in transgenic G1 lambs. "+": TLR4-transgenic G1 lambs, "−": negative control, and "c": TLR4-transgenic sheep. TLR4 expression and translation in mononuclear cells from G1 transgenic lambs were detected by real-time quantitative PCR and ELISA; more TLR4 was detected in transgenic lambs (c) and (d). Blood routine (e) and blood biochemistry (f) examinations were carried out on TLR4-transgenic sheep. There were no statistically significant differences between G1 and WT lambs. Tg: TLR4-transgenic G1 lambs, WT: wild-type. The results are expressed as mean ± SE; * < 0.05 in Tg versus WT groups.
in monocytes/macrophages. The expression of MDA also showed a significant difference at 1 and 8 h ( < 0.05) between the Tg and WT groups, indicating that overexpression of TLR4 in monocytes/macrophages enhanced oxidative damage. However, at 48 h, MDA expression returned to normal levels in the Tg group (Figure 3(c) ). The expression of TRX protein in monocytes/macrophages 1 h after stimulation with LPS was assessed by immunofluorescence. Compared with the WT group, expression of both TLR4 and TRX protein in the Tg group was higher and the degree of oxidative damage was stronger (Figure 3(d) ). . Furthermore, L-NNA, which is an inhibitor of iNOS, can inhibit NO production. Monocytes/macrophages were stimulated with 1 g/mL LPS, and 10 mmol/L of apocynin and/or L-NNA were added to inhibit the expression of NADPH oxidase and iNOS, respectively. The cellular content of O 2 − , NO, and MDA was then determined (Figures 4(a) , 4(b), and 4(c)). Our results showed that the expression of NO increased in the LPS-stimulated Tg group treated with 10 mmol/L L-NNA, whereas the expression of O 2 − was reduced. Expression of NADPH oxidase was inhibited in the LPS-stimulated Tg group by 10 mmol/L apocynin, while O 2 − concentrations were also reduced. For expression of NO, the difference in the Tg group with inhibitor was more significant than that in the Tg group without inhibitor ( < 0.05). Then, 20 mmol/L L-NNA was added ( Figures  4(d) , 4(e), and 4(f)) and this inhibited the expression of iNOS. In the Tg group, expression of NO was also inhibited, the content of O 2 − was reduced, and there was no strong oxidative damage. Although 20 mmol/L apocynin inhibited the expression of NADPH oxidase and the content of O 2 − was reduced, NO was still secreted by the Tg group. Compared with controls, expression of MDA in the Tg group was significantly different ( < 0.05). These data indicated that TLR4 induced oxidative stress by promoting the release of NO by monocytes/macrophages.
TLR4-Mediated Oxidative Stress
TLR4 Upregulation of GCHI Activation in Sheep Monocytes/Macrophages and Serum.
In macrophages of the Tg group stimulated with LPS, expression of NADPH oxidase and iNOS was significantly greater than that of the WT group at 1 and 8 h ( < 0.05) but returned to a normal level at 48 h (Figures 5(a) and 5(b) ). This finding indicates that TLR4 could regulate the expression of NADPH oxidase and iNOS. GCHI plays an important role in the regulation of iNOS expression. The expression of GCHI in the Tg group was also Figure 3 : Overexpression of TLR4 enhances oxidative stress in monocytes/macrophages. Expression patterns of ROS, RNS, and MDA after stimulation with 1 g/mL LPS ((a), (b), and (c), resp.). (d) TLR4 and TRX protein expression levels were detected by immunofluorescence (×200), DAPI (blue), TLR4-FITC (green), and TRX (red). Tg: transgenic sheep, WT: wild-type. Results were expressed as mean ± SE; * < 0.05 in Tg versus WT groups. significantly higher at 1 and 8 h ( < 0.05) and returned to a normal level at 48 h, similar to iNOS ( Figure 5(c) ). These findings indicated that TLR4 enhances the activity of iNOS by upregulating GCHI to promote synthesis and secretion. In serum, during an acute inflammatory reaction, expression of TLR4 protein was significantly different between groups at 1 and 8 h ( < 0.05). Furthermore, the Tg group showed attenuated TLR4 expression at 48 h, while TLR4 expression in the WT group continued to increase ( Figure 5(d) ). We detected proinflammatory cytokines downstream of TLR4 at various time points, IFN-(1 h), TNF-(1 h), IL-6 (8 h), IL-12 (8 h), and IL-8 (8 h), and anti-inflammatory cytokines IL-10 (48 h), and all showed significant differences between the Tg and WT group ( < 0.05; Figure 5(e) ). This finding indicates that overexpression of the TLR4 gene in sheep can promote the expression of downstream inflammatory cytokines, inducing rapid inflammatory reactions. Expression levels of GCHI protein in serum of the Tg group were significantly higher than those in the WT group at 4, 8, and 48 h ( < 0.05; Figure 5(f) ). This finding indicates that TLR4 regulates the expression of GCHI through downstream inflammatory cytokines.
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Discussion
When pathogenic microorganisms invade animals, the TLR4 signaling pathway is activated and triggers a cascade of reactions to promote the production and release of inflammatory cytokines, inducing the chemotactic aggregation of granulocytes and macrophages, increased capillary permeability, and lymphocyte infiltration. The TLR4 signal transduction pathway is involved in many distinct diseases [21] [22] [23] . Current research on TLR4 signaling is concentrated in the areas of infectious disease, pulmonary infections, cancer, type 2 diabetes, and sepsis [24, 25] . Activation of TLR4 is beneficial for the elimination of exogenous pathogens. A TLR4 activator, BCG (Bacillus Calmette, Guérin), has been used in bladder cancer treatment for its ability to trigger the production of cytokines and enhance immune responses [26] . TLR4 induced large amounts of cytokine release, which is also observed in insulin resistance. Through those preinflammatory kinases and ROS, TLR4 directly represses insulin action [27] . This current study reports the generation of Oxidative Medicine and Cellular Longevity 9 TLR4-transgenic sheep with stable transgene transmission. We have shown that TLR4 was overexpressed at the RNA level and protein levels. Overexpression of TLR4 did not show any harmful effects on animal health. The result of an acute inflammatory reaction triggered by LPS indicates that overexpression of the TLR4 gene induced the rapid infiltration of neutrophils. Thus, TLR4 can upregulate the expression of cytokines, such as TNF-, IFN-, IL-6, IL-8, IL-12, and IL-10, thereby increasing resistance to pathogen invasion and infection.
As an important immune receptor, TLR4 plays a central role in oxidative stress. Research of oxidative lung injury in mice with targeted deletions of multiple inflammatory, immune, and antioxidant genes indicated that TLR4 is an important candidate gene related to oxidative-stimulated inflammation [28, 29] . TLR4 can trigger transcription of the iNOS gene and promote production of NO. The main function of NO is clearing pathogenic bacteria by producing peroxidase and superoxide radicals [30] . ROS are mainly induced by NADPH oxidase, whose activity is regulated by TLR4 through the composition of the NADPH multisubunit enzyme complex. ROS could oxidize the iNOS cofactor BH4, reduce the expression of BH4, and lead to uncoupling of iNOS to form more O 2 − . ROS are produced under conditions of the uncoupling of NADPH oxidase and mitochondria when the body is stimulated by oxidative stress. ROS can induce NF-B activation and upregulate the cytokine-induced iNOS gene, resulting in excessive release of NO [31] . When the levels of NO are higher than those of ROS, NO can clear ROS. Currently, NOS uncoupling is thought to play a major role in the induction of oxidative stress [32, 33] . In the present study, NO was expressed in TLR4overexpressing cells stimulated with LPS, even after NADPH oxidase was added. This finding indicates that, in sheep mononuclear macrophages, TLR4 promotes the secretion of NO by regulating iNOS expression. Similarly, when NO and O 2 − production were investigated in NOS-transfected cells, an iNOS-specific inhibitor could drastically reduce the production of O 2 − [34] . Our results are in accordance with this, as L-NNA inhibited the expression of iNOS and reduced the expression of O 2 − . TLR4 overexpression could also protect against oxidative stress [35] , and NO could clear O 2 − [36] . TLR4 induces the expression of NO by upregulating iNOS, and NO induces expression of many genes that can reduce oxidative stress and help cells resist injury [37] . The present study suggests that TLR4-overexpressing sheep could reduce oxidative injury more efficiently.
GCHI is the rate-limiting enzyme in BH4 biosynthesis. BH4 is an important cofactor for NOS. When the production of BH4 is limited, coupling of O 2 and L-arginine are reduced, resulting in increased O 2 − catalyzed by NOS and no increase in NO. Recent studies showed that reductions in BH4 are linked to hypertension, arteriosclerosis, diabetes mellitus, cardiac hypertrophy, and myocardial ischemia [38, 39] . Sakai et al. found that a phosphatidylinositol 3-kinase (PI3K) inhibitor could inhibit the synthesis of NO in macrophages stimulated by LPS, while synthesis of NO and the activation of GCHI could both be inhibited in PI3K-deficient macrophages [40] . After stimulation with cytokines (IFN-or TNF-) or LPS, the expression of iNOS increased significantly, resulting in increased synthesis of NO, which had a direct relationship with the increased BH4 synthesis caused by the activated GCHI gene [41] . A study of GCHI-transgenic mice stimulated with LPS showed that the expression of renal iNOS and NO content increased dramatically [42] . A GCHI inhibitor could significantly inhibit the production of NO induced by LPS [43] . LPS binds to macrophage TLR4 and activates downstream signaling pathways, including NF-B, mitogen-activated protein kinase (MAPK), and PI3K. These signaling pathways can promote macrophages to release cytokines, including IFN-and TNF-. We used LPS to stimulate transgenic sheep overexpressing TLR4 as a model of acute inflammation. TLR4 overexpression in vivo could enhance expression of downstream inflammatory factors and GCHI. This finding indicates that TLR4 regulates GCHI expression through downstream inflammatory factors. In endothelial cells, GCHI overexpression could enhance 10fold the production of BH4, accompanied with significant increases in NO [44] . Overexpression of GCHI in transgenic mouse endothelial cells could reduce O 2 − significantly and decrease production of superoxide, while bioavailability of NO was well maintained in GCHI-transgenic mice [45] . Our results show that TLR4 could upregulate the expression of NADPH oxidase and iNOS in mononuclear macrophages. The Tg cells stimulated with LPS plus an iNOS inhibitor still secreted NO, and the expression of GCHI was upregulated. These findings indicate that TLR4 enhances the activity of iNOS by upregulating GCHI, which then promotes the synthesis and secretion of NO.
In summary, these experiments document that the novel overexpression of TLR4 in transgenic sheep enhanced oxidative stress and that TLR4-induced oxidative stress was caused by NO. TLR4 and its downstream signaling pathways play important roles in the activation of GCHI expression. This study provides valuable insights into oxidative disease caused by Gram-negative bacterial infection in sheep.
